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Abstract
The hndABCD operon from Desulfovibrio fructosovorans encodes an uncommon heterotetrameric NADP-reducing iron hydrogenase.
The presence of a [2Fe–2S] cluster likely located in the C-terminal region of the HndA subunit has already been revealed. We have cloned
and expressed the truncated hndA gene in Escherichia coli to isolate the structural [2Fe–2S] module. Optical and EPR spectra are found
identical to that of the native HndA subunit and the midpoint redox potential ( 385 mV) is similar to that of the native protein ( 395 mV).
These results clearly demonstrate that the C-terminal region of HndA is a structurally independent [2Fe2S] ferredoxin-like domain. In the
same way, the N-terminal domain of the HndD subunit was overproduced in E. coli and characterized. The presence of a [2Fe–2S] cluster
was evidenced by optical spectroscopy. The midpoint redox potential ( 380 mV) of this domain was found very close to that of the
truncated HndA subunit but the EPR properties were significantly different. The various EPR properties allowed us to observe an electron
exchange between the two [2Fe–2S] ferredoxin-like domains of the HndA and HndD subunits. Moreover, domain–domain interactions,
observed by far-western experiments, indicate that these subunits are direct partners in the native complex.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Hydrogenases catalyse the reversible oxidation of H2
[1,2]. With the exception of the recently discovered metal-
free hydrogenases which have been found only in methano-
genic bacteria [3,4], they are iron-enzymes which are
classified on the basis of their active site metal contents
[5]. The [NiFe] and [NiFeSe] enzymes containing both iron
and nickel are closely related and constitute the most
abundant and the most extensively studied hydrogenases
[6,7] which are present in many procaryotes and in a few
eucaryotes. Conversely, [Fe] hydrogenases constitute a class
of enzymes mainly characterized in anaerobic bacteria and
in the hydrogenosomes of unicellular eucaryotes [8,9]. [Fe]
hydrogenases contain only [Fe–S] clusters and can be found
either in a dimeric form like [Fe] hydrogenases from
Desulfovibrio species [5], or as a monomer as typified by
the hydrogenase I from Clostridium pasteurianum (Cp Hyd
I, 10), or as a trimeric enzyme like the hydrogenase of
Thermotoga maritima [11]. The three-dimensional structure
of iron hydrogenases from C. pasteurianum [12] and from
Desulfovibrio desulfuricans [13] have been recently solved.
0005-2728/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
PII: S0005 -2728 (02 )00364 -X
Abbreviations: Cp Hyd I, hydrogenase I from Clostridium pasteur-
ianum; Cp 2Fe Fd, [2Fe–2S] ferrredoxin from Clostridium pasteurianum;
DNase I, deoxyribonuclease I; EPR, electron paramagnetic resonance; Fds,
ferredoxins; IEF, isoelectrofocusing; IPTG, isopropyl h-D-thiogalactopyr-
anoside; kDa, kilodaltons; LB, Luria–Bertani medium; Ni-NTA resin,
nickel-nitrilotriacetic acid; Pd 25 K subunit, 25 kDa subunit from
Paracoccus denitrificans NADH:quinone oxidoreductase; TB, Tris buffer;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
$ This work was supported by the Centre National de la Recherche
Scientifique, the Universite´ de Provence and the Conseil Ge´ne´ral des
Bouches du Rhoˆne.
* Corresponding author. Laboratoire de Bioe´nerge´tique et Inge´nierie
des Prote´ines, CNRS, 31 Chemin Joseph Aiguier, 13402 Marseille cedex
20, France. Tel.: +33-4-9116-4687.
E-mail address: dermoun@ibsm.cnrs-mrs.fr. (Z. Dermoun).
www.bba-direct.com
Biochimica et Biophysica Acta 1556 (2002) 217–225
The active site consists of an unusual [2Fe] subcluster
containing CN and CO groups which is bridged by a single
cysteine residue to a [4Fe–4S] cluster [14]. With the
exception of [Fe] hydrogenase from the green alga Scene-
desmus obliquus, which is supposed to bind to its partner
through electrostatic interactions [15], electron transfer to
the active site from an external electron carrier occurs
through a variable domain located in the N-terminal part
of the protein. This domain contains 2 [4Fe–4S] clusters
in dimeric [Fe] hydrogenase from Desulfovibrio species for
which the cytochrome c3 is the redox partner, both partners
being located in the periplasm. In Cp Hyd I, an additional
130 amino acid extension which accommodates a [2Fe–2S]
cluster and a [4Fe–4S] cluster has been identified [10,12].
The redox partner of this cytoplasmic hydrogenase was
proposed to be a 2 [4Fe–4S] ferredoxin [16]. The mod-
ular structure of the N-terminal domain in [Fe] hydroge-
nases reflects a composite three-dimensional structure which
might fold and assemble its metal sites independently of the
remaining protein. Indeed, the [2Fe–2S] domain of Cp Hyd
I was successfully overproduced in Escherichia coli in a
mature form [17].
An operon encoding a NADP-reducing hydrogenase
and made up of four genes named hndA, hndB, hndC,
hndD, has been characterized in Desulfovibrio fructosovor-
ans [18]. HndD presents strong identity with Cp Hyd I and
constitutes the monomeric [Fe] hydrogenase subunit. HndC
is able to bind a flavin mononucleotide or dinucleotide, a
NAD(P) and three [4Fe–4S] centers and is designated as
the NADP-reducing subunit. HndA contains a [2Fe–2S]
cluster and might be involved in the intramolecular elec-
tron exchange. HndB does not exhibit the structural feature
required to bind a known prosthetic group and its presence
in the complex is intriguing. It was shown that the four
subunits are organized in a cytoplasmic heterotetrameric
complex which can perform H2-driven NADP-reduction
and H2-driven methyl-viologen reduction [18–20]. It is not
unreasonable to propose that HndD, which is able to split
hydrogen, is the first subunit to be reduced in the native
NADP-reducing hydrogenase complex, and that HndC
which harbors the NADP+ binding site is the last one.
These two subunits might be sufficient to carry out the
reduction of NADP+ in the presence of hydrogen. There-
fore, the question of the requirement of HndA and HndB
for the physiological function of the complex can be
raised. The weak abundance of the enzyme among cell
proteins has prevented its purification. To determine the
role of the various subunits in this hydrogenase complex,
we have undertaken the purification and the character-
ization of each Hnd subunit independently by inducing
overexpression of the corresponding genes in E. coli. In
the first step, the HndA subunit was successfully over-
produced in E. coli and characterized [19]. We have shown
that it contains a single binuclear [2Fe–2S] cluster which
belongs to the [2Fe–2S] family typified by the C. pasteur-
ianum [2Fe–2S] ferredoxin [21]. On the other hand,
sequence comparisons have shown that HndD should
contain by analogy to Cp Hyd I, an easily accessible
[2Fe–2S] cluster [12,18]. In this work, we have con-
structed truncated hndA and hndD genes encoding the
[2Fe–2S] domains of HndA and HndD, respectively, and
overexpressed them in E. coli. Interaction and electron
transfer between the two His-tagged structural modules
were investigated by EPR spectroscopy and far-western
experiments.
2. Materials and methods
2.1. Strains and plasmids
E. coli DH5aFV:F endA1 hsdR17 (rKmK) supE44 thi1,
recA1 gyrA(Nalr) relA1 D(argF lacZYA-argF)U169
deoR(f80dlacD(lacZ)M15) was used as a host for recombi-
nant plasmids constructions. E. coli BL 21 (DE3) [F ompT
hsdS (r  B mB) gal dcm (DE3)] (Novagen) was used as
a host for overexpression.
An oligonucleotide primer was designated to generate a
NdeI recognition site at the hndA Met87 codon and to create
a new initiation codon: CCTTTTTCCATATGGTGCCCAA.
The second oligonucleotide primer, including a newly
generated HindIII recognition site, complementary to the
end of hndA: ACGCGGTTAAGCTTGTACTCAGCCA. A
forward primer was designated to generate a NdeI recog-
nition site at the hndD initiation Met1 codon: CCCA-
TATGTCCATGCTGACAATAACCATAGAC. The reverse
primer was designated to hybridize with the region encom-
passing the XhoI site at the Glu95 codon: GCAGCAGCTC-
GAGCACGGT. The 0.28- and 0.284-kb fragments obtained
after PCR amplification were inserted in the pET-22b(+)
vector (Novagen) to obtain the pET-hndAc and pET-HndDN
plasmids. In both plasmids, the polyHis-tag codons are
transcribed in phase with the end of the truncated hndA
and hndD gene, respectively. The recombinant plasmids
were used to transform E. coli BL21 (DE3) for heterologous
expression experiments.
2.2. Heterologous production of the truncated subunits
E. coli BL21 (DE3) strains transformed with pET-
hndAc were grown at 37 jC in 30 ml of Luria–Bertani
(LB) including ampicillin (100 Ag/ml) to the late expo-
nential growth phase. This suspension was mixed at a 1:1
ratio with 60% glycerol and frozen at  70 jC. Two
hundred microliters of this suspension was partially thawed
on ice and inoculated in 2 500 ml of LB medium
containing ampicillin (100 Ag/ml) and glycerol (12 mg/
ml). Cells were grown at 37 jC to OD600 nm = 2.0 and then
stored at 4 jC for 30 min. Ferric ammonium citrate (10
Ag/ml), sodium sulfide (10 AM) and isopropyl h-D-thio-
galactopyranoside (IPTG) were subsequently added (0.25
mM) and the cells were grown for 15 h at 15 jC. The cells
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were harvested by centrifugation at 5000 g for 10 min.
The same procedure was made for production of truncated
HndD subunit but cells were grown for 15 h at 37 jC after
addition of IPTG.
2.3. Purification of the truncated HndA and HndD subunits
The cells transformed with pET-hndAc were resuspended
in Tris 25 mM (pH 8), NaCl 0.2 M (hereafter designated
TB) buffer containing DNase I, broken up in a French press
and subsequently centrifuged once at 20,000 g for 30 min.
The crude extract was loaded on a Ni-NTA resin (Qiagen)
equilibrated with TB. Elution with a linear gradient of 0–
100 mM imidazole in TB allowed to obtain the purified
truncated HndA subunit, hereafter designated HndAc, on
the basis of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis and the N-terminal
sequence. The truncated HndD subunit, hereafter designated
HndDN, was purified according to the same procedure but
elution was made with 50 mM imidazole.
2.4. Isoelectric point measurement
Isoelectric point was determined by performing isoelec-
tric focusing using a Phast gel apparatus from Pharmacia
LKB Biotechnology. Phast Gel IEF 3–9, which operates in
the 3–9 pH range was used with a Pharmacia broad-range
pI calibration kit containing proteins with various isoelectric
points ranging from 3 to 10.
2.5. Other analytical procedures
SDS-PAGE was carried out by the method of Laemmli
[22], with precast 4–20% polyacrylamide gel (Novex). Low
molecular weight markers were from Pharmacia. Protein
concentration was routinely estimated by the method of
Lowry et al. [23] and also by quantitative amino acid
analysis for pure protein preparations. Amino acid analysis
was performed on a Waters Pico-tag amino acid analysis
system. Amino terminal sequence analysis were performed
by stepwise Edman degradation using a gas phase sequencer
(Models 470 A, Applied Biosystems). Mass spectrometry
was performed by MALDI-TOF using a VOYAGER DE-RP
(Perseptive Biosysteme).
2.6. Redox titration
The spectrophotometric redox titrations were monitored
by performing absorbance measurements at 460 nm with a
Kontron Uvikon 932 spectrophotometer on proteins kept
under argon atmosphere. The potentials were measured at
24 jC with a combined microplatinum Metrohm electrode
and adjusted with small amounts of a concentrated solution
of dithionite (20 mM) in the presence of benzyl-viologen
( 350 mV) and methyl-viologen ( 440 mV) at a con-
centration of 2 AM.
2.7. Biotin-labeled protein and biotin-labeled protein
detection
The biotinylation of HndAc lysine groups was performed
with biotinyl N-hydroxysuccinimide ester using the Biotin
labeling kit (Roche) according to the manufacturer’s instruc-
tions. HndDN was submitted to native PAGE (20%), using a
Phast gel apparatus from Pharmacia LKB Biotechnology,
and transferred onto Ba83 nitrocellulose membrane. Non-
specific binding was blocked by incubation with blocking
solution for 1 h at room temperature. The membrane was
incubated with blocking solution containing biotin-labeled
HndAc. Labeled proteins were detected with the Western
blotting kit (Biotin/Streptavidin, Roche).
2.8. EPR spectroscopy and relaxation time measurements
EPR spectra were recorded on a Bruker ESP 300E
spectrometer equipped with an Oxford Instrument ESR 900
helium flow cryostat and an ITC 503 temperature controller.
For spin quantitation, the double integration of the signal
recorded in non-saturating conditions was compared to that
given by a CuSO4 standard at the same temperature. The
spin-lattice relaxation times T1 characterizing the Fe–S
signals of the studied proteins were deduced from the relax-
ation broadening of their high-field or low-field peaks. The
half-width dL= t/( ghT1) of the Lorentzian relaxation com-
ponent was determined by using the method, previously
described, which enables the deconvolution of the relaxation
component of an inhomogeneously broadened EPR line [24].
3. Results and discussion
3.1. Construction of the truncated HndA and HndD genes
We have already shown that HndA which showed 32%
identity and 40% similarity with the C. pasteurianum [2Fe–
2S] ferredoxin (hereafter designated Cp 2Fe Fd) carries a
[2Fe–2S] cluster that is likely bound in the C-terminal
region [19]. Indeed, the four conserved cysteines of this
region are arranged in the pattern C-X4-C-X35-C-X3-C, in
which three are strictly conserved in the Cp 2Fe Fd
sequence, which typifies this class of ferredoxin [21]. The
N-terminal sequence of the Cp 2Fe Fd contains a hydro-
phobic cluster composed of a methionine and a valine
residue, followed by a neighbouring proline residue [21].
The same pattern is observed in the sequence of HndA at
position M87, indicating that the structural module which
corresponds to the ferredoxin-like domain could begin at
this position. This analysis led us to construct a truncated
His-tagged HndA subunit corresponding to the M87 to
Y171 fragment. The truncated hndA gene, obtained by
PCR amplification, was cloned between the NdeI and
HindIIII sites in the pET-22b(+) vector. The recombinant
plasmid was called pET-hndAc.
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On the other hand, the structure of hydrogenase I from C.
pasteurianum (Cp Hyd I, 12) clearly shows that the [2Fe–
2S] cluster bound to the N-terminal domain is easily
accessible and could constitute the site of interaction with
the partner of the enzyme. It has been previously shown by
sequence alignments that the N-terminal domain of HndD
presents 40% identity with the N-terminal domain of Cp
Hyd I [18]. These domains exhibit a C-X15-C-X2-C-X13-C
binding arrangement similar to that found in structurally
characterized plant-types Fds [25]. A N-terminal structural
module of HndD was designed to include the four cysteine
residues, in positions 36, 52, 55 and 70, which are expected
to bind a putative [2Fe–2S] cluster. The truncated hndD
gene, obtained by PCR amplification, was cloned between
the NdeI and HindIIII sites in the pET-22b(+) vector. The
recombinant plasmid was called pET-HndDN.
3.2. Biochemical and optical characterization of HndAc
and HndDN
Purity of the Ni-NTA resin eluted red fractions was
checked by SDS-PAGE (data not shown) and the determi-
nation of the N-terminal partial sequence of the purified
proteins was carried out. The MVPKGK sequence obtained
for HndAc matches the expected N-terminal amino acid
sequence deduced from the truncated HndA encoding gene
[18]. HndAc molecular mass was estimated to be 11 kDa
from SDS-PAGE and 10,593.9 Da from mass spectrometry,
which is in agreement with the theoretical value of 10,593.4
Da deduced from the derived amino acid sequence of the
truncated hndA gene. The amino acid composition of the
purified HndAc is consistent with that calculated from
the primary structure (data not shown). IEF-PAGE gel
indicated a pI of approximately 8.35 for HndAc. In contrast
to the HndA subunit which exhibited hydrophobic proper-
ties and had tendency to aggregate [19], HndAc is highly
soluble up to 2 mM, suggesting that the N-terminal domain
of the whole HndA subunit is particularly hydrophobic and
might be involved in the protein–protein interaction bet-
ween the other subunits of the NADP-reducing hydrogenase
from D. fructosovorans.
The optical absorption spectrum of HndAc exhibits four
broad peaks at approximately 334, 420, 460 and 550 nm
(Fig. 1, curve A) as observed in the case of the entire HndA
subunit [19]. The addition of sodium dithionite significantly
quenches the absorption of HndAc throughout the entire
spectrum as shown in Fig. 1, curve B. The A460 nm/A280 nm
ratio of pure protein is 0.65. The molar extinction coeffi-
cients for the most pronounced features of the Fe–S
chromophore were determined to be 4960 M 1 cm 1 at
550 nm, 8400 M 1 cm 1 at 460 nm, 8460 M 1 cm 1 at
420 nm and 13,650 M 1 cm 1 at 334 nm for oxidized
proteins, and 2660 M 1 cm 1 at 556 nm for dithionite-
reduced proteins. The redox behaviour of the iron–sulfur
center was monitored by studying the variation of the 460
nm absorption band as a function of the solution potential.
The experimental data were fitted by a Nernst curve cen-
tered at  385 mV (F 5 mV) which is in good agreement
with the  400 mV value obtained by electrochemical
measurements (data not shown). The midpoint redox poten-
tial of the cluster [ 395 mV (F 5 mV)] in the HndA
subunit is not significantly changed in the truncated protein
HndAc suggesting that the structural environment of the
[2Fe–2S] cluster is unaffected by the absence of the 9.5 kDa
N-terminal domain. These results demonstrate that the C-
terminal region of HndA adopts a correct folding in the
absence of the N-terminal region of the protein and ligates
the [2Fe–2S] cluster in a manner similar to that of the HndA
subunit. Therefore, we can conclude that the two Cys
present in the N-terminal region are not involved in the
binding of the [2Fe–2S] cluster which is clearly located in
the C-terminal region of the protein.
E. coli is not able to produce the HndD subunit in an
active form (data not shown). However, the N-terminal
domain of the HndD has successfully been expressed in this
host as a stable structural module. The first M1 initiation
codon was missing from the determined N-terminal partial
sequence of the purified HndDN, but the following SMLTI-
TIDGK matches the amino acid sequence deduced from the
truncated HndD encoding gene [18]. HndDN molecular
mass was estimated to be 10,922 Da from mass spectrom-
etry (data not shown), which is in agreement with the
theoretical value of 10,927.5 Da expected from the trun-
cated hndD gene released from the first codon. The amino
Fig. 1. Absorption spectra of the purified HndAc. Curve A, UV–visible
absorption spectrum of the oxidized form of HndAc (50 AM) in 30 mM
Tris–HCl (pH 8.0) under argon; curve B, absorption spectrum of the
reduced form of HndAc after stepwise addition of sodium dithionite under
argon. Curve in the inset (A–B), spectrum difference between oxidized and
reduced forms.
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acid composition of the purified HndDN is consistent with
that calculated from the primary structure (data not shown).
IEF-PAGE gel indicated a pI of approximately 6.6 for
HndDN subunit which is more acidic than HndAc.
The UV–visible absorption spectrum of the purified
HndDN shown in Fig. 2 displays maxima at 334, 420, 460
and a shoulder at 545 nm, which are characteristic of [2Fe–
2S] clusters with cysteine ligation. By comparison with the
UV–visible absorption spectrum of HndAc, the relative
intensities of the 420 and 460 nm peaks are inverted. This
inversion was correlated to the different classes of [2Fe–2S]
ferredoxins [26]. Indeed, the [2Fe–2S] cluster in HndDN
presents a C-X15-C-X2-C-X13-C binding arrangement and
belongs to the plant and mammalian-type Fds [25]. The
molar extinction coefficients for the most pronounced fea-
tures of the Fe–S chromophore were determined to be 7700
and 8555 M 1 cm 1 at 460 and 420 nm, respectively. The
redox behaviour of the [Fe–S] cluster was monitored
spectrophotometrically at 420 nm, and the absorbance
variations were fitted to a Nernst curve centered at  380
mV (F 5 mV, data not shown). A similar value was found
for the C39A HN76 protein corresponding to the [2Fe–2S]
N-terminal domain Cp Hyd I [17].
3.3. EPR properties of HndAc and HndDN iron–sulfur
clusters
After reduction by sodium dithionite, the HndAc pro-
tein solution exhibited at low temperature a rhombic EPR
spectrum characterized by g= 2.000, 1.950, 1.915 (Fig.
3A). The g-values and the relaxation properties of this
spectrum were found to be identical to those observed for
the entire HndA subunit [19], the spectrum being
unchanged between 10 and 150 K, and the relaxation
broadening appearing for temperatures higher than 160
K. Spin intensity measurements performed at 80 K showed
that the signal corresponds to 0.85 spin/molecule, indicat-
ing that a [2Fe–2S] cluster is present in almost all the
HndAc molecules. Although the EPR signal of the [2Fe–
2S] cluster of HndA is very similar to that given by Cp
2Fe Fd [21,27] and by the Pd 25K subunit [28], its
relaxation rate appears to be particularly slow, which
prompted us to perform accurate measurements of the
spin-lattice relaxation time. The spectral broadening of
the HndAc signal was carefully studied in the temperature
range 100–220 K. For each temperature, the half-width dL
of the Lorentzian relaxation component was determined
and the relaxation rate 1/T1 was deduced (see Materials
and methods). The temperature dependence of the relaxa-
tion rate is well described by the equation 1/T1~exp(D/
kBT) (Fig. 3B), which corresponds to an Orbach process
involving an excited state of energy D = 830F 50 cm 1.
In the case of a reduced [2Fe–2S]1 + cluster composed of a
Fig. 2. Absorption spectra of the purified HndDN subunit. Curve A, UV–
visible absorption spectrum of the oxidized form of HndDN (90 AM) in 25
mM Tris–HCl (pH 8.0), NaCl 0.2 M under argon; curve B, absorption
spectrum of the reduced form of HndDN after stepwise addition of sodium
dithionite under argon. Curve in the inset (A–B), spectrum difference
between oxidized and reduced forms.
Fig. 3. EPR characteristics of HndAc and the HndDN subunits. (A) EPR
spectra performed with 0.1 mM HndAc or 0.09 mM HndDN subunit in 25
mM Tris–HCl (pH 8.0) NaCl 0.2M and reduced with dithionite. EPR
spectra were recorded under the following conditions: microwave
frequency, 9.418 GHz; microwave power, 4 mW; modulation amplitude
0.5 mT; and sample temperature, 80 K for HndAc and 20 K for HndDN. (B)
Temperature dependence of the spin-lattice relaxation time deduced from
the Lorentzian relaxation components of [2Fe–2S]1 + signal in HndAc and
HndDN subunits. The straight lines are the best fits obtained with the
relation 1/T1~exp(D/kBT).
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ferric (S1 = 5/2) and a ferrous (S2 = 2) ion coupled by an
antiferromagnetic exchange interaction  2 J S1S2, D is
the energy difference between the ground state S = 1/2 and
the first excited level S = 3/2, namely D = 3 J [24,28].
The value of D obtained for the [2Fe–2S]1 + cluster of
HndAc (Fig. 3B) leads to AJA = 275 + 15 cm 1, a remark-
ably high coupling constant for a reduced 2Fe protein [29],
which is in agreement with the absence of departure from
the Curie law observed up to 220 K for the integrated
intensity of the EPR signal.
In its reduced state, the HndDN protein gave a rhombic
EPR signal at g = 2.054, 1.961 and 1.901 which broadens
for temperatures higher than 50 K and disappears above
100 K (Fig. 3A). The g-values, line widths and relaxation
properties of this cluster are similar to those observed for
[2Fe–2S] plant-type ferredoxins [29], which is consistent
with the UV–visible spectrum and with the expected
binding cysteine motif in HndDN. Spin quantitation per-
formed at 20 K in non-saturating conditions gave 0.9 spin/
molecule, which shows that the HndDN polypeptide is a
[2Fe–2S] protein domain. As described above for HndAc,
the relaxation broadening of the HndDN signal was
studied between 50 and 90 K and the spin-lattice relax-
ation rate was found to follow the equation 1/T1~
exp(D/kBT) (Fig. 3B) corresponding to an Orbach
process with D = 270 cm 1. The exchange coupling con-
stant value AJA = 90F 10 cm 1 deduced for the [2Fe–
2S]1 + cluster of HndDN confirms that this cluster has
electronic properties very similar to those of plant-type
ferredoxins [29].
The two kinds of clusters were easily distinguished in
their reduced state because of their differences in g values
and relaxation properties. Although these differences likely
arise from the binding arrangement of the Cys ligands and
from the cluster environment, they cannot be simply inter-
preted in terms of variation of a single structural parameter.
It is well established that the variations in the g tensor of
[2Fe–2S]1 + clusters are mainly due to the variable distor-
tions experienced by the Fe(II) site [29,30]. In contrast, the
exchange coupling parameter J, which governs the relaxa-
tion properties, is expected to depend strongly on the
geometry of the disulfide bridge, which in turn is sensitive
to the strains exerted on the cluster by the polypeptide chain
[31]. In the case of [2Fe–2S] clusters of the Cp 2Fe Fd
family, two kinds of binding motifs have been found: the
CX12CX31CX3C motif found in small ferredoxins [21,32],
and the CX4CX35CX3C motif found in multisubunit en-
zymes [28,19,33]. Interestingly, the [2Fe–2S] clusters char-
acterized so far in the two kinds of proteins have very
similar g values, close to g = 2.00, 1.95, 1.92, which is
consistent with the coordination of the Fe(II) ion by the
conserved CX3C motif [34] in all the members of the family.
Conversely, the AJA constant can vary largely within this
family since a value of 180 cm 1 was found in Cp 2Fe Fd
[31], while we obtained a much larger value of 275 cm 1 in
HndAc.
In the case of HndDN, the [2Fe–2S] cluster is charac-
terized by g = 2.054, 1.961, 1.901 and AJA = 90 cm 1.
These values are typical of [2Fe–2S] clusters of plant
ferredoxins [29], however, it is worth noting that higher
AJA values can also be found in this family; in mammalian
ferrochelatase, an exchange constant AJA close to 300 cm 1
was obtained [35] for a [2Fe–2S] center bound by a
CX206CX2CX4C arrangement [36]. These observations con-
firm the lack of unambiguous correlation between the
binding Cys sequence and the EPR characteristics of
[2Fe–2S] clusters. This was recently exemplified by the
assignment of the two EPR signals given by the two [2Fe–
2S] centers from molybdenum hydroxilase of the xanthine
oxidase family [37]. In these enzymes, the [2Fe–2S] cluster
bound by the unique CX2CXnCXC motif has EPR proper-
ties typical of plant ferredoxins whereas that bound by the
plant type CX4CX2CXnC sequence exhibits anomalous pro-
perties such as a very anisotropic g-tensor and a very fast
relaxation.
3.4. Interaction and electron transfer between HndAc and
HndDN
Interaction between the two modules was evidenced
using biotinylated HndAc as a probe against HndDN.
HndDN was submitted to migrate on native gel, blotted
onto nitrocellulose and allowed to interact with biotinylated
HndDAc. Results given in Fig. 4 showed that biotinylated
HndAc was bound to HndDN by specific interaction.
Fig. 4. Recognition of HndDN by biotinylated HndAc. HndDN was
submitted to PAGE, blotted onto nitrocellulose membrane and probed with
biotinylated HndAc. The blot was developed with streptavidin–peroxidase
complex.
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The marked differences in the spectral and relaxation
properties of the [2Fe–2S] clusters of the HndAc and
HndDN subunits provide a good opportunity for studying
the electron exchange between these proteins by EPR
spectroscopy. In that aim, two anaerobic cells were used
to reduce each protein separately in the absence of any
redox mediators. In each cell, a solution of 50 AM protein in
50 mM TB was reduced progressively by adding small
amounts of dithionite, and the redox potential was measured
for controlling roughly the extent of reduction. EPR samples
were taken at different steps of the titration, and the extent
of reduction was determined accurately by comparing the
Fe–S signal amplitude to that given by the fully reduced
protein solution.
In the first experiment, the HndAc protein was reduced to
a high extent (80%), but not completely to avoid an excess
of dithionite in the solution (Fig. 5a). Moreover, in the
second cell, the HndDN protein was slightly reduced (15%)
in order to eliminate oxygen traces from the solution (Fig.
5b), and 0.1 ml of each solution were taken and mixed
anaerobically in an EPR tube before subsequent freezing.
The EPR spectrum given by the mixture (Fig. 5c) indicates
that both proteins are partially reduced. This spectrum could
be simulated by combining the signals given by the fully
reduced HndAc and HndDN solutions with the proportions
40% and 40% (F 5%), respectively (Fig. 5d). In the reverse
experiment performed in the same way, a 70% reduced
HndDN protein solution mixed with the same volume of 5%
reduced HndAc protein led to a mixture containing 25% of
reduced HndAc and 40% of reduced HndDN protein (not
shown). The similar values of the midpoint potentials
exhibited by HndAc and HndDN explain the rate of 40%
reduced protein obtained for the mixture.
Although a slight oxidation occurs upon sampling and
mixing the protein solutions, these results clearly show that
the two proteins can exchange electrons reversibly in so-
lution. Moreover, if we consider the accuracy of the EPR
measurements, in both experiments, the percentages of
reduction found after mixing, are consistent with a 5–10
mV difference between the midpoint potentials of the
HndAc and HndDN clusters. This difference is in agreement
with the results of spectrophotometric titrations.
Our observations of protein–protein interaction and
reversible electron transfer between the two truncated pro-
teins show that the two protein modules can interact func-
tionally and could be direct partners in the native complex.
It can thus be proposed that, in the tetrameric enzyme,
electrons coming from hydrogen splitting at the active site
of HndD would then be transferred to HndA through the N-
terminal [2Fe2S] cluster towards HndC or HndB. It has
been recently outlined that the HydB subunit of the
NAD(P)(H) hydrogenase from T. maritima, resembles a
fusion of HndB and HndC of D. fructosovorans [9,11,18].
This observation let us think that these two subunits could
interact directly in the HndABCD complex of D. fructoso-
vorans. HndB contains three Cys residues only but it has
been demonstrated that non-Cys residue could promote
ligand for coordination of [2Fe2S] cluster [38] and the
presence of such a cluster in HndB cannot be disregarded.
The 9–63 amino acid sequence of HndB, susceptible to
bind a [FeS] cluster was aligned with the 29–90 and 29–79
amino acid sequence of HndAc and the HydB subunit of the
NAD(P)(H) hydrogenase from T. maritima, respectively
(Fig. 6). These regions presented 16% identity and 41%
similarity between them. These alignments let us suggest
that Ser33 could be the alternative ligand of a [2Fe2S]
center bound by a SX3CX30CX3C arrangement in HndB.
The presence and the role of HndB in the tetramer still
remains to be established. Therefore, the approach devel-
oped in this work, which consists of production followed by
the study of interaction between structural modules, will be
extended to other structural [Fe] modules of the four
Fig. 6. Sequence alignment of HndB with related proteins. HndAc, truncated HndA subunit of D. fructosovorans (this study, residues 9–63); Beta, HydB
subunit of the NAD(P)(H) hydrogenase from T. maritima (residues 29–79).
Fig. 5. EPR spectra of 50 AM HndAc 80% reduced (a) and 50 AM HndDN
15% reduced (b). Experimental EPR spectrum obtained for the mixture of
HndAc 80% reduced and HndDN 15% reduced (c). Theoretical spectrum
for HndAc 40% reduced and HndDN 40% reduced (d). These EPR spectra
were recorded at 20 K, with the other experimental conditions as in Fig. 3.
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subunits of the NADP-reducing hydrogenase from D. fruc-
tosovorans.
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